Abstract A bioassay-guided fractionation of a culture filtrate of Botryosphaeria obtusa led to the isolation of four dihydroisocoumarins, named mellein 1, 4-hydroxymellein 2, 7-hydroxymellein 3 and the new 4,7-dihydroxymellein 4. LC-UV-DAD-MS analysis of vine wood infected by B. obtusa revealed the presence of mellein (1). Botryosphaeria obtusa was also able to oxidise wood δ-resveratrol into the dimer delta-viniferin. The structures of isolated phytotoxins were established on the basis of IR, MS, 1D and 2D NMR.
Introduction
Botryosphaeria obtusa is a fungal pathogen associated with black dead arm (BDA) on vine. BDA was identified for the first time in Hungary (Lehoczky 1974) and later in Italy (Cristinzio 1978; Rovesti and Montermini 1987) . It attacks the wood of the plant causing decline and eventually death. This disease is easily confused with esca disease because of the similarity of foliar symptoms. Like esca and eutypa dieback, it affects vines more than eight years-old . Symptom differentiation between esca and BDA diseases has been extensively reported by . Previous chemical investigation of B. obtusa, which also causes black rot of apple fruit, reported the isolation of five phenolic dihydroisocoumarins (mellein, cis-(3R,4R),4-hydroxymellein and 5-hydroxymellein) (Venkatasubbaiah and Chilton 1990) . In the present work, we report the identification by LC-MS n and NMR of four compounds from a culture of B. obtusa and their biological activities. We also report the results of the analysis of wood of grapevine infected in vitro by B. obtusa, where mellein was identified and δ-resvertarol (trans-3,4′,5-trihydroxystilbene) was oxidised in its dimer δ-viniferin.
Materials and methods

Chemical analysis and characterisation
Fractionation and purification of extracts were performed on silica gel 60 (Brunschwig chemie Nl, 32-63 A°) and Sephadex LH-20 (Pharmacia Fine Chemicals Inc., NJ, USA). The UV spectra were recorded on an Ultrospec 4000 UV/ visible spectrophotometer. IR spectra were measured on a Perkin Elmer FT-IR spectrometer, Paragon 1000 (Waltham, MA, USA). Negative ESI-MS were measured on a LCQ Finnigan (San José, CA, USA), and HRMS were recorded on a Bruker FTMS 4.7T, BIOAPEXII. The 1D and 2D NMR spectra were recorded on Bruker AMX-400 Spectrometer. Chemical shifts are given in δ from TMS; trans-δ-resveratrol standard was obtained from Sigma-Aldrich (St Louis, MO, USA), δ-viniferin was isolated in the laboratory by oxidation of resveratrol in a culture of Botrytis cinerea as described by Breuil et al. (1998) and Cichewicz et al. (2000) .
Botryosphaeria obtusa strain and culture conditions Strain F-99-2 of B. obtusa was isolated by Dr. Philippe Larignon in July 1999 from a Cabernet Sauvignon cultivar in St Julien de Beychevelle (France) and maintained on malt agar. Plugs of seven day-old potato dextrose agar (PDA) growth of B. obtusa were transferred in four flasks of 1 l containing each 250 ml of PDB, and kept under agitation at room temperature in the dark for 7 days. This medium was used for the inoculation of 15 l of PDB medium, which was kept under agitation for 14 days in the dark. The medium was filtered on sheet cloth and extracted with an equal volume of ethyl acetate. After evaporation of the solvent to dryness we obtained 850 mg of crude extract which was separated on a silica gel column (70×2 mm id) with a mixture of hexane and an increasing volume of acetone. Fractions were monitored with thin layer chromatography (TLC) (Merck, Germany) and combined to six. The second, third and fifth fractions showed toxicity in a leaf disc assay. The second fraction (425 mg) was successively applied to a Sephadex LH-20 column and eluted with methanol/chloroform (1:3, v/v) to yield 275 mg of compound 1. The third fraction (45 mg) was purified on HPLC with a MN Nucleosil column 7 µm (250 nm×4.6 id) with and isocratic gradient of acetonitrile/water (1:3, v/v) during 20 min, to yield 3.5 mg and 5 mg of compounds 2 and 3 respectively. The last fraction (12 mg) was purified by thin layer chromatography (TLC) RP-18 F 254 (Merck, Germany) with a mixture of methanol/water (4:6, v/v) to yield 7 mg of 4.
Infection of grapevine wood
Wood of grapevine (Gamay) collected at Agroscope Changin-Wädenswil, was dried and ground into powder (1.2 Kg), which was divided into three parts of 400 g, humidified with 150 ml of water and placed in a plastic bag (Unicorn, TX, USA) and then sterilised twice in 24 h. Two bags were infected by adding 30 PDA plugs of B. obtusa. The third was considered as a control. The bags were kept in the dark at 24°C for 40 days. Each bag was than extracted with 2 l of methanol to yield 13 g to 15 g of crude extract. A sample of 5 mg ml −1 of acetonitrile/water,
(1:1, v/v) was prepared, filtered and injected on LC-MS for analysis. One hundred milligrams of the crude extract was fractionated on a Chromabond RP18 column (Macherey-Nagel GmbH, Düren, Germany) with a gradient of water/methanol, leading to three fractions. A solution of 5 mg ml −1 in methanol of each fraction was prepared and 25 μl injected for analysis by HPLC.
LC/UV-DAD/ESI-MS n
Chromatographic analyses were carried out on a MN Nucleosil C-18 column 7 µm (250 nm x 4.6 id). The mobile phase consisted of two solvents: water/acetic acid (0.1%)(A) and acetonitrile (B). The linear gradient started with 20% of B and increased to 100% within 27 min and returned to the initial condition at 35 min. The flow rate was 1 ml min
and the injection volume was 25 µl. Spectral data from all peaks were accumulated in the range between 240 nm and 400 nm, and chromatograms were recorded at 280 nm and 307 nm for stilbenes and derivatives and 254 nm and 360 nm for dihydroisocoumarin. The LC/UV-DAD/ESI-MS n analysis was carried out on an Agilent HPLC 1100 equipped with a diode array detector and coupled to an Agilent LC/ MSD trap mass detector with ESI sources in negative or positive ionisation mode. Mass condition analysis was optimised by direct injection of a solution of resveratrol or mellein at a concentration of 0.1 mg ml −1 .
Leaf disc assay
The toxicity of isolated compounds was evaluated by means of a leaf disc assay. Discs (9 mm diam) of Chasselas, were placed in a 24-well plate containing water with different concentrations of the toxin and maintained at 25°C. After 12 h, the necrosis induced on the leaves was measured.
Antifungal-activity assay
Trans-δ-resveratrol, ε-viniferin and δ-viniferin were tested for antifungal activity against B. obtusa by using the paper-disc method. Two 6 mm discs of sterile paper were soaked in each of the compounds (0.25 mg in 50 µl of acetone). The air-dried discs were placed on a PDA plate. Each plate was then inoculated with an agar block (6 mm diam) containing mycelial mats of the fungus in the centre of the plate. The paper discs were 2.2 cm from the phytopathogen.
Results and discussion
The ethyl acetate extract of B. obtusa (850 mg) of 15 l culture filtrate, was fractionated and purified by chromatography to yield four pure compounds. (Fig. 1 (Venkatasubbaiah and Chilton 1990) . Mellein has been reported from several other fungi and both enantiomers have been isolated previously. S-(+) has been isolated from Apiospora camptospora (Devys et al. 1974) , Aspergillus ochraceus (Moore et al. 1972) , Cercospora taiwanensis (Camarda et al. 1976 (Cabras et al. 2006 ). R-(-)-mellein has been reported from B. obtusa (Venkatasubbaiah and Chilton 1990; Venkatasubbaiah et al. 1991 ) and more recently from Botryosphaeria mamane (Pongcharoen et al. 2007 ). Due to the CD data, the isolated metabolite was identified as R-(-)-mellein. Compound 2 was isolated as colourless oil at a yield of 0.25 mg l −1 of culture. Its mass spectrum, in negative ionisation mode, exhibited a pseudo molecular ion at m/z 193, indicating one more oxygen atom than mellein and suggesting the molecular formula C 10 H 10 O 4 . MS 2 spectra showed a similar fragmentation pattern to that of mellein. The infra red spectra of compound 2 was similar to that of compound 1. On the 1 H NMR spectrum seven protons were observed (Table 1) . Compound 2 was identified as (3R,4R)-cis-4-hydroxymellein according to data reported by Cole et al. (1971) and Devys et al. (1980) . Compound 3 was isolated as a colourless oil at a yield of 0.33 mg l −1 of culture. It had the same pseudo-molecular ion as compound 2. On the 1 H NMR spectrum only two AB protons were observed in the aromatic portion, appearing as a doublet at δ 6.64 and 7.10 with the same coupling constant of 8 Hz. Compound 3 was identified as (3R)-7-hydroxymellein (Devys et al. 1980) .
Compound 4 was isolated as a yellow oil at yield of 0.5 mg l (Table 1) including two AB aromatic protons at δ 6.88 (d, J 8.9 Hz, H-5) and 7.13 (d, J 8.9 Hz, H-6) and one methyl signal at δ 1.53 (d, J 6.6 Hz). Two methine protons were observed at δ 4.58 (d, J 3.6 Hz, H-4) and 4.77 (H-3) as a quadruplet, and finally two hydroxyl protons (D 2 O exchangeable) appeared at δ 8.20 (OH-C-7) and 11.13 (OH-C-8). In the 1 H-1 H COSY spectrum, H-3 showed correlation with H-4 and the proton of the methyl group. HSQC spectrum showed a correlation from the singlet methine protons Table 2 13 C NMR data of compounds 1-4 (1-3 in CDCl 3 and 4 in acetone-d 6 ) at δ 6.88 and 7.13 to the aromatic carbon atom at δ 118.9 and 121.5 respectively. In the HMBC spectral data (Fig. 1) , 1 H-13 C long range correlations were observed between the methine protons at δ 6.88 (H-5) and the carbons C-1 (170.3), C-8a (107.9), C-4a (132.9), C-7 (146.2), C-6 (121.5) and C-4 (66.5). The second aromatic methine proton at δ 7.13 (H-6) correlated with carbons at C-8 (149.9), C-7 (146.2), C-8a (107.9) and C-5 (118.9). On the pyrone cycle the methine at δ 4.63 correlated with carbons at C-8a (107.9), C-5 (118.9), C-4a (132.9) and C-3 (79.7), the methyl proton at δ 1.53 correlated with carbons at C-3 (79.7) and C-4 (66.5). Thus, the complete structure of 4 was determined as (3R,4R)-cis-4,7-dihydroxymellein (Tables 1 and 2) .
A bioassay against grape leaf was performed by submerging discs of the grapevine variety Gamay in a solution containing the toxin at different concentrations for 12 h. The bioassay showed that compound 4 was the most active by inducing a full leaf necrosis with minimum inhibitory concentrations (MIC) of 2 µg ml −1 , although compounds 1, 2 and 3 possessed a similar level of toxicity with MIC of 3 µg ml −1 (data not shown).
In order to verify if the fungus was able to synthesise the same toxins on natural medium, wood powder of grapevine var. Gamay was infected with agar plugs of B. obtusa and kept in sterile plastic bags at room temperature in the dark for 40 days. HPLC-DAD-MS analysis of the methanolic extract and the fractions showed the presence of mellein in fraction 1 (100% methanol) Fig. 2 .
The presence of mellein is a good molecular marker for the presence of fungi in the diseased plant. Venkatasubbaiah et al. (1991) found mellein and 4 hydroxymellein in infected apple fruit. Since mellein has been reported from several fungi, it cannot be considered a marker for B. obtuse; however, mellein and dihydroxycoumarin have never been reported from Phaeoacremonium aleophilum, Phaeomoniella chlamydospora or Fomitiporia mediterranea, the main pathogens in esca disease (Tabacchi et al. 2000; Evidente et al. 2000; and Abou-Mansour et al. 2004) . Therefore, mellein would make a good molecular marker for early differentiation between esca and BDA disease.
Furthermore, in the non-infected wood, trans-δ-resveratrol was one of the major compounds observed in the methanolic extract at λ 307 nm. However, during analysis of the extracts of the infected wood, δ-resveratrol was not detectable by UV or by mass spectrometry. Instead, a new compound identified as δ-viniferin appeared. δ-viniferin has been reported as a molecule produced in vitro by the oxidative dimerisation of δ-resveratrol by plant peroxidases or fungal laccases (Pezet et al. 1991; Breuil et al. 1998 ). The strain of B. obtusa used in our study was able to produce laccase enzyme to stain a full PDA Petri dish, incorporating the laccase substrate ABTS, blue green within 12 h (data not shown).
However, δ-viniferin has previously been shown to exhibit in vitro antifungal activity against Botrytis cinerea (Langcake and Pryce 1976) . However, in our in vitro antifungal assay based on the disc diffusion method, neither δ-resveratrol, ε-viniferin nor δ -viniferin exhibited any activity against B. obtusa, at a concentration of 250 μg.
In conclusion, bioassay-guided purification of ethyl acetate extract of B. obtusa yielded four toxic compounds, among them 7-hydroxymellein isolated for the first time from this fungus, and 4,7-dihydroxymellein also described for the first time. The grapevine wood infected in vitro with B. obtusa showed the presence of mellein and the absence of the dihydroxycoumarin moiety in general, and the complete oxidation of resveratrol into its dihydromer δ-viniferin. Even though mellein is an non-specific toxin, it could provide a molecular marker for the early differentiation of BDA from esca disease in grapevine. However, the field system still needs investigation of the isolated dihydroxymellein in naturally infected grapevine wood.
